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INTRODUCTION
The South African government has pro-
vided nearly 3 million subsidised housing 
units since 1994 (Department of Human 
Settlements 2017). However, a backlog of 
over 2 million units persists (Sisulu 2016). 
Government-subsidised housing units are 
typically a stand-alone dwelling of 40 m2 
(Laubscher 2014), containing a kitchen, 
living area, two bedrooms and a bathroom 
(see Figure 1).

The structural design of housing 
in South Africa is regulated by the 
Application of the National Building 
Regulations, based on the National 
Building Regulations and Standards Act of 
1977 (RSA 1977). The standard was first 
published in 1985 but has since been updat-
ed several times to the current edition 
SANS 10400 (SANS 2010a). On a practical 
level, all housing construction in South 
Africa is regulated by the National Home 
Builders Registration Council (NHBRC), 
the establishment of which is enshrined 
in The Housing Consumers Protection 
Measures Act (RSA 1995; NHBRC 2015). 

The NHBRC stipulates general home build-
ing technical requirements and guidelines 
in the form of the Home Building Manual 
and Guide, which is based on SANS 10400.

Both SANS 10400 and the Home 
Building Manual rely on normative refer-
ence standards for the material-specific 
design aspects, which have typically been 
prescriptive in nature. For masonry, this 
reference standard is SANS 10164 The struc-
tural use of masonry (prescriptive-based), 
as well as the recently adopted SANS 51996 
Design of masonry structures (performance-
based). SANS 10400 is performance-based 
in nature but contains extensive deemed-to-
satisfy solutions, the typical mixed approach 
taken in transitioning from prescriptive to 
performance-based regulation.

A number of developments over the 
past decade or two warrant a reconsidera-
tion of these deemed-to-satisfy solutions 
in SANS 10400, specifically with regard to 
masonry walling solutions:

 Q Loading: The South African loading 
code SANS 10160 2011 (SANS 2011) has 
been revised, in the form of an adaption 
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of EN 1990 (EN 1990) and EN 1991 (EN 
1991), with notable changes and addi-
tions. The design of single-storey mason-
ry structures must take seismic loading 
into account more comprehensively in 
certain areas of the country, and signifi-
cant improvements have been made to 
the South African wind data map.

 Q Category 1 buildings: The Application 
of the National Building Regulations 
(SANS 2010b) has been revised with 
significant changes, including the intro-
duction of Category 1 buildings, specifi-
cally aimed at drawing more low-income 
structures into a regulatory framework.

 Q Adoption of Eurocode 6: The South 
African masonry industry is in the 
process of updating its suite of masonry 
standards to the EN approach, Eurocode 
6 Design of Masonry Structures, mark-
ing a transition from prescriptive to 
performance-based standards.

 Q Advances in numerical analyses: A 
significant amount of research has been 
conducted internationally, using finite 
element modelling, to better understand 
the discontinuous behaviour of masonry 
structures, and these advances need to 

be taken into consideration in the speci-
fications for masonry.

 Q Outdated mechanical limits: Current 
mechanical limits set in the South 
African prescriptive standards of 
conventional masonry units are largely 
based on yield line theory analysis (JSD 
1995), taken from the withdrawn British 
Standard BS 5628-1 (BS 1978).

This paper therefore investigates the 
response of conventional concrete masonry 
walls in the context of South African low-
income housing (LIH) by means of finite 
element (FE) analysis. The analyses are 
performed on single-storey, unreinforced, 
single-leaf, external masonry walls, which 
conform to the deemed-to-satisfy solutions 
of SANS 10400. Two critical wall layouts 
are identified (W1 and W2), modelled in 
DIANA FE analysis software and subjected 
to three load conditions as required by SANS 
10160: the serviceability limit state (SLS) and 
the ultimate limit state for wind (ULS-W) 
and seismic (ULS-S) actions. The results of 
the analyses provide insight into the in-plane 
and out-of-plane structural behaviour of 
conventional concrete masonry walls of LIH 
housing, relative to the expected loading.

FINITE ELEMENT MODEL

Modelling approach
Significant advances in numerical methods 
and computational capabilities in recent 
decades have altered the way in which 
masonry is analysed. For masonry finite 
element modelling, two main approaches 
have been established, namely macro- and 
micro-modelling, with the level of abstrac-
tion directly related to the complexity 
and size of the problem to be analysed, 
(Giambanco et al 2001; Reyes et al 2008; 
Roca et al 2010; Abdulla et al 2017).

Macro-modelling assumes a smeared 
continuum approach, where the unit, mortar 
and unit-mortar interface behaviours are 
combined in a representative continuous 
material. In contrast, micro-modelling repre-
sents a high degree of detail where the unit, 
mortar and unit-mortar interface are mod-
elled distinctly. Simplified micro-modelling 
(SMM) is a subset of micro-modelling as its 
name implies, wherein the units are modelled 
as expanded elements, with solely elastic 
material properties, to encompass the volume 
of the unit and the mortar in order to main-
tain the overall geometry. The relatively weak 
mortar joint and unit-mortar interface are 
combined into a single zero-thickness inter-
face element in which the nonlinear material 
behaviour is concentrated (Lourenço 1996). 
The SMM approach is considered the most 
appropriate for this study in terms of the 
wall scale to be analysed and the computing 
requirements (Figure 2 refers).

Constituent material model
The constitutive material model chosen is 
the Combined Cracking-Shearing-Crushing 
(CCSC) model, implemented in DIANA. The 
plasticity-based model is defined by a multi-
surface yield function, shown in Figure 3, 
consisting of a tension cut-off, a Coulomb 

Figure 1  Typical 40 m2 government subsidised concrete masonry house: (a) plan (CMA 2011, 
reproduced with the kind permission of the CMA) and (b) under construction

(a)

(b)
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friction criterion and an elliptical compres-
sion cap. The depiction of the composite yield 
surface in 3D in Figure 3(b) does not include 
the elliptical compression cap, but it has been 
implemented in DIANA (2017).

WALL CONFIGURATIONS
In an effort to make buildings that meet 
regulatory requirements more affordable 
to low-income communities and to reduce 
the immense health and safety risk that 
unregulated informal structures present 
(Watermeyer 2004), the Joint Structural 
Division (JSD) of the South African 
Institution of Civil Engineering (SAICE) 
developed a new category of buildings in 
2000 (Watermeyer & Milford 2003). This 
Category 1 building type was introduced 
in The Application of the National Building 
Regulations: SANS 10400 in 2004.

These buildings are restricted in size and 
occupancy class. The floor area is limited 
to 80 m2, wall lengths to less than 6 m 
between lateral supports, and the structure 
to a single storey with no basement. The 
wall thickness can be as little as 90 mm, 
compared to 140 mm in non-Category 1 
buildings (SANS 2011b). Occupancy classes 
are restricted to places of instruction or 
worship, small shops, offices, dormitories, 
domestic residences and dwelling houses. 
Category 1 buildings also make allowance 
for lower performance levels with regard to 
size and serviceability limits, but no distinc-
tion is made between the categories regard-
ing seismic and wind loading.

Deemed-to-satisfy requirements
Society’s expectation of a wall’s perfor-
mance is implicitly represented by the 

deemed-to-satisfy masonry wall solutions 
in SANS 10400-K (SANS 2011b). Therefore, 
these solutions are used to identify appropri-
ate wall configurations for the LIH context. 
Additional recommendations and limitations 
regarding the geometry, roof configuration, 
energy use and seismic loading, as set out in 
SANS 10400-A (SANS 2010b), SANS 10400-L 
(SANS 2011c), SANS 10400-XA (SANS 2011d) 
and SANS 10160-4 (SANS 2017) respectively, 
are also taken into consideration. Two differ-
ent wall configurations, panel wall W1 and 
gable wall W2, are derived by selecting the 
most extreme and critical combinations of 
distance between lateral supports, wall height 

and openings. These two wall configurations 
are detailed in Figure 4, where the hatched 
areas designate positions of return walls 
which provide lateral support.

The selection criteria for these two 
representative single-leaf wall layouts are 
detailed in Table 1. Although only the walls 
are modelled, the walls are set within the 
context of representative 40 m2 Category 1 
houses to derive loading and support con-
ditions. The roof construction is assumed 
to be timber, with metal sheet covering.

Typical reinforcement according to 
SANS 10400-K (SANS 2011b) of 5.6 mm 
steel rods and 2.8 mm brickforce (Figure 5) 

Figure 2  SMM approach: (a) in 2D with expanded unit elements (adapted from Lourenço & Rots 1997) and (b) in 3D with solid brick elements and 
2D interface elements (adapted from Macorini & Izzuddin 2011)
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is modelled in the bed joints above the open-
ings, instead of concrete lintels. The rod 
reinforcement yield strength is taken as the 
required proof stress of rod reinforcement 
by SANS 10400-K (SANS 2011b), namely 
485 N/ mm2. Whilst brickforce proof stress 
is not specified in SANS 10400, tensile tests 
conducted by Talocchino (2005) on typical 
South African brickforce found a proof yield 
stress of 500 N/mm2. Therefore, the brick-
force yield strength is taken as 485 N/mm2 as 
well. The elastic modulus of both reinforce-
ment types is taken as 200 000 N/ mm2.

Boundary conditions
In modelling the support conditions of the 
wall models, a number of assumptions need 
to be made. The foundations are modelled 
as fixed, as depicted in Figure 6, hence fully 
supported with no potential for differential 
settlement. Pin supports on the short return 

Figure 4 Wall W1 (top) and W2 (bottom) layout and dimensions
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Table 1 Selection criteria for representative houses and wall layouts

Layout Selection Clause Standard

Wall effective 
thickness

W1 140 mm* B.3.3 (a) SANS 10160-4 (2017)

Wall length

W1 6.0 m
3.6 (c) SANS 10400-A (2010b)

Table 1, Panel C SANS 10400-K (2011b)

W2 5.0 m
3.6 (c) SANS 10400-A (2010b)

Tables 5 & 6 SANS 10400-K (2011b)

Wall height

W1 2.7 m**
Table 1, Panel C SANS 10400-K (2011b)

B.3.3 (b) SANS 10160-4 (2017)

W2 2.6 m**
Fig 4 SANS 10400-K (2011b)

B.3.3 (b) SANS 10160-4 (2017)

Roof slope 15° 4.2.2.1 SANS 10400-L (2011c)

Truss spacing 1.2 m Table 4 SANS 10400-L (2011c)

Openings Various

Fig 6(a), Table 7 SANS 10400-K (2011b)

6.2.2 SANS 10160-4 (2017)

4.4.4 SANS 10400-XA (2011d)

Reinforcement
5.6 mm rods Tables 20, 21 & 23, Fig 27 SANS 10400-K (2011b)

2.8 mm brickforce B.3.3 (d), (f) SANS 10160-4 (2017)

Vertical control joint none Table 19 SANS 10400-K (2011b)

* shear wall teff requirement of 190 mm is not met (SANS 10160-4 (2017) B.3.3 (a))
** shear wall heff /teff < 17 requirement is not met (SANS 10160-4 (2017) B.3.3 (b))

Secondary: 0 5.6 mm × 2
Primary: 0 5.6 mm × 3  
(equivalent of)

Brickforce: 0 2.8 mm × 2

Brickforce: 0 2.8 mm × 2

Brickforce: 0 2.8 mm × 2

Primary: 0 5.6 mm × 3

Primary: 0 5.6 mm × 2  
(equivalent of)

Secondary: 0 5.6 mm × 2

Brickforce: 0 2.8 mm × 2

Brickforce: 0 2.8 mm × 2

Primary: 0 5.6 mm × 2

Figure 5  Bed joint reinforcement above 
openings for wall W1 (top) and W2 
(bottom)
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walls provide lateral support to the modelled 
walls, whilst allowing for some rotation of 
these joints. It is assumed that the roof truss 
system does not provide substantial lateral 
load transfer, based on the type of connec-
tion and the typical poor quality of the con-
nection between the roof and walling in LIH. 
Therefore the roof line is modelled as unsup-
ported laterally for both wall configurations.

MATERIAL INPUT PARAMETERS

Material characterisation
Solid conventional concrete masonry units 
form the basis of the masonry analysed, 
together with 10 mm mortar joints. The 
blocks have a length of 290 mm, width of 
140 mm and height of 116 mm. Extensive 
material parameter characterisation is 
required for the selected constituent mate-
rial model, CCSC, that was selected in 
DIANA. Table 2 contains the material input 
parameters that were used to define the 
concrete masonry, as well as the method by 
which they were determined. Experiments 
were conducted by Fourie (2017) to deter-
mine several of the unit, crack and joint 
interface parameters, indicated by EXP 
in Table 2 under Method. Finite element 
analysis (FEA) was used to determine the 
tensile strength of the crack interface and 
the compressive fracture energy and equiva-
lent plastic relative displacement of the 
joint interface by numerically fitting data to 
experimental data. Suitable literary sources 
(LIT) were used to determine the remain-
ing parameters. For further details on the 
material input parameters or the process to 
obtain them see De Villiers et al (2018).

Characteristic values of the current 
material input data cannot be established 
since the data is statistically insufficient. 

Figure 6 Boundary conditions for wall W1 (left) and W2 (right), inner perspective

Table 2 Input parameters for wall numerical analyses

Parameter Symbol DIANA Method Value Unit

Unit

Density ρu – EXP 2 090 kg/m3

E-modulus Eu YOUNG EXP 17 700 N/mm2

Poisson’s ratio νu POISSON LIT 0.16 –

Crack interface

Tensile strength ft,c TENSTR FEA 0.66 N/mm2

Mode I fracture energy GI
f,c GF EXP 0.047 N/mm

Cohesion cc COHESI LIT 1.0 N/mm2

Friction angle φc PHI LIT 37 °

Dilatancy coefficient ψc PSI LIT 0 °

Mode II fracture energy GII
f,c MO2VAL LIT 0.47 N/mm

Compressive strength fc,c COMSTR EXP 12.1 N/mm2

Shear traction contrib Css,c CS LIT 1.0x10-3 –

Compr fracture energy Gc,c GC LIT 10.0 N/mm

Eq plastic relative displ κp,c DUPEAK LIT 0.030 mm/mm

Tangential stiffness ks,c DSSX/Y LIT 763x10-3 N/mm3

Normal stiffness kn,c DSNZ LIT 1770x10-3 N/mm3

Joint interface

Tensile strength ft,j TENSTR LIT 0.12 N/mm2

Mode I fracture energy GI
f,j GF LIT 0.005 N/mm

Cohesion cj COHESI EXP 0.17 N/mm2

Friction angle φj PHI EXP 49.5 °

Dilatancy coefficient ψj PSI LIT 0 °

Mode II fracture energy GII
f,j MO2VAL LIT 0.05-0.08σ N/mm

Compressive strength fc,j COMSTR EXP 5.5 N/mm2

Shear traction contrib Css,j CS LIT 0.7 –

Compr fracture energy Gc,j GC FEA 18.0 N/mm

Eq plastic relative displ κp,j DUPEAK FEA 0.030 mm/mm

Tangential stiffness ks,j DSSX/Y LIT 214 N/mm3

Normal stiffness kn,j DSNZ LIT 520 N/mm3
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The use of nominal values is allowed in 
such instances according to SANS 10160-1 
(SANS 2018a), and it requires the use of 
mean values for the parameters govern-
ing the structural stiffness. The choice of 
input parameters, as well as the modelling 
approach, was validated experimentally 
in a separate process for both the in-plane 
and out-of-plane behaviour by comparing 
numerical results to experimental data 
of dedicated large- and medium-scale 
masonry wall tests (see De Villiers 2019).

Material partial factors
Material partial factors make a significant 
contribution to the design process in limit 
states design. The main considerations in 
both SANS 51996-1-1 (SANS 2018c) and 
SANS 10164-1 (SANS 1989) in determining 
partial factors for materials are manufactur-
ing and construction or execution control. 
The greater the certainty regarding the unit 
and mortar strength and the manner in 
which they are combined on site, the greater 
the reward is in terms of the load magnitude 
that the masonry is allowed to bear.

Given the inadequate guidance for 
the execution control classification in 
Eurocode 6 (Sýkora & Holický 2010), and the 
disparity in classifications, a direct compari-
son of the material partial safety factors is 
not reasonable. However, in broad terms, the 
SANS 51996-1-1 (least conservative) ranges 
from 1.5 to 3.0, the UK National Annex to 
Eurocode 6 of 2005 (BSI 2005) from 2.3 to 
3.0, and SANS 10164-1 (most conservative) 
from 2.9 to 3.5.

Despite their importance, material par-
tial factors are not included in this study. 
Admittedly, this may result in a less con-
clusive evaluation of the concrete masonry 
walls and the design loads applied to them, 
which are adjusted with partial factors. 
However, including the material partial fac-
tors renders the finite element output less 
clear, impacting in particular the fracture 
behaviour of the concrete masonry as well 
as the investigation into the relative impor-
tance of the parameters.

DESIGN LOADS
SANS 10400-B (SANS 2012) requires 
the structural strength and stability of 
the structure to be assessed by loading it 
with the relevant actions as determined 
according to the South African load-
ing code, SANS 10160 (SANS 2011). All 
relevant design situations are taken into 
consideration to arrive at the most critical 

combinations of permanent, imposed, wind 
and seismic actions for the two wall con-
figurations under consideration. The three 
load cases considered are the serviceability 
limit state (SLS) and the ultimate limit 
states under wind (ULS-W), based on basic 
fundamental wind speeds of 44, 40 and 
36 m/s respectively, and seismic (ULS-S) 
actions. The latter are determined by means 
of the equivalent lateral static force method. 
Table 3 summarises the factored loads 
applied in the numerical analyses for the 
vertical loads on the roof and the horizontal 
out-of-plane (OP) and in-plane (IP) loads on 
the walls, whereas Table 4 details the partial 
load factors for the three load cases, accord-
ing to SANS 10160-1 (SANS 2018a).

Load assumptions
The assumptions made in determining 
these critical load cases are detailed in the 
following three sub-sections according to 
self-weight and imposed load, wind load 
and seismic load.

Self-weight and imposed load
The self-weight of the walls is based on 
the density determined experimentally, 

as detailed in Table 2. The roof assembly 
consists of six bay Howe type trusses, 
assuming a timber density of 5 000 N/m3 
according to Table A.4 of SANS 10160-2 
(SANS 2011a) for the structural pine, 
and 0.5 mm metal sheeting with a self-
weight of 39.5 N/m2 according to Table 
A.5 of SANS 10160-2 (SANS 2011a). The 
roof is classified as an inaccessible roof 
according to Table 5 of SANS 10160-2 
(SANS 2011a) and loads for normal main-
tenance and repair of 400 N/m2 would be 
included. However, since an additional 
compressive load on the walls is favour-
able, the load combination nullifies the 
roof-imposed load.

Wind load
The loads due to wind actions are deter-
mined according to SANS 10160-3 (SANS 
2018b). The pertinent parameters are 
summarised in Table 5 and assumptions 
discussed thereafter.

In most instances, the parameter result-
ing in the most critical load is selected. 
The basic fundamental wind speed is taken 
as the highest value for any area in South 
Africa of 44 m/s; however, loads based on 

Table 3 Critical design loads for SLS, ULS-W and ULS-S to SANS 10160

(N/mm2)
Roof OP

IP
Self-Weight Wind Zone A Zone B

SLS W1–44 –10.1 × 10–3 43.9 × 10–3 1.4 × 10–3 1.1 × 10–3 24.4 × 10–3

SLS W1–40 –10.1 × 10–3 36.3 × 10–3 1.2 × 10–3 0.9 × 10–3 20.2 × 10–3

SLS W1–36 –10.1 × 10–3 29.4 × 10–3 0.9 × 10–3 0.7 × 10–3 16.3 × 10–3

SLS W2–44  –  – 2.3 × 10–3 1.0 × 10–3 17.6 × 10–3

SLS W2–40  –  – 1.9 × 10–3 0.8 × 10–3 14.5 × 10–3

SLS W2–36  –  – 1.5 × 10–3 0.7 × 10–3 11.8 × 10–3

ULS–W W1–44 –9.0 × 10–3 117.1 × 10–3 3.7 × 10–3 2.8 × 10–3 65.1 × 10–3

ULS–W W1–40 –9.0 × 10–3 96.8 × 10–3 3.1 × 10–3 2.3 × 10–3 53.8 × 10–3

ULS–W W1–36 –9.0 × 10–3 78.4 × 10–3 2.5 × 10–3 1.9 × 10–3 43.6 × 10–3

ULS–W W2–44  –  – 6.0 × 10–3 2.7 × 10–3 46.9 × 10–3

ULS–W W2–40  –  – 5.0 × 10–3 2.2 × 10–3 38.7 × 10–3

ULS–W W2–36  –  – 4.0 × 10–3 1.8 × 10–3 31.4 × 10–3

ULS–S W1  –  – 0.8 × 10–3 0.8 × 10–3 53.9 × 10–3

ULS–S W2  –  – 1.0 × 10–3 1.0 × 10–3 56.4 × 10–3

Table 4 Load combination partial factors according to SANS 10160-1 (SANS 2018a)

Load case Self-weight Roof imposed Wind Seismic

SLS 1.0 0.0 0.6 –

ULS-W 0.9 0.0 1.6 –

ULS-S 1.0 0.0 – 1.0
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basic fundamental wind speeds of 40 and 
36 m/s are also included in the results for 
comparative purposes. The terrain cat-
egory is chosen as the most likely scenario 
for single-storey residential structures 
in a suburban or peri-urban setting. The 
default topography factor is chosen, on 
the assumption that it is unlikely that low-
income housing is developed on extreme 
terrain, which is costly to construct on. 
The highest air density value is chosen, to 
result in the highest critical load.

Additionally, SANS 10400-B (SANS 2012) 
specifies minimum wind pressures to be 
applied to housing structural systems of 
370 N/m2 and to housing structural elements 
of 450 N/m2. The peak wind pressures 
determined according to SANS 10160-3 
(1 213 N/ m2) (2018) exceed these minimum 
load requirements.

Seismic load
The loads due to seismic actions are 
determined according to SANS 10160-4 
(SANS 2017). The pertinent parameters are 
summarised in Table 6 and assumptions 
discussed thereafter.

The highest peak ground acceleration 
for natural seismicity in South Africa is 
selected. The most unfavourable of ground 
types is chosen and the selected build-
ing importance factor is commensurate 
with a typical residential structure. The 
behaviour factor for unreinforced masonry 
is used, given that minimum detailing and 
reinforcement requirements are adhered 
to. The fundamental period of vibration is 
chosen based on structural system type.

The reliability redundancy factor is not 
present in the parent standard, Eurocode 8 
(EN 1998), but was taken from the Uniform 

Building Code (ICBO 1997) and introduced 
in the South African loading code to com-
pensate for a lower nominal peak ground 
acceleration of 0.1 g (Wium 2010). However, 
the UBC permits a reliability redundancy 
factor range of 1.0 to 1.5, compared to 
a range of 1.2 to 1.5 in SANS 10160-4 
(SANS 2017). The lower limit of 1.2 was 
set to compensate for the higher behaviour 
factors for reinforced concrete shear walls 
used in the UBC (ICBO 1997) compared to 
Eurocode 8 (EN 1998; Wium 2010).

For determining the seismic design 
load, the reliability redundancy factor is 
chosen as the lower limit of the allowable 
range (1.2 to 1.5), hence less conservative, 
for two reasons. First, a higher peak ground 
acceleration of 0.15 g was selected for the 
analyses, not 0.1 g. Second, the lower limit 
of 1.2 in SANS 10160-4 (SANS 2017) was 
introduced to compensate for the higher 
behaviour factors of reinforced concrete 
shear walls. This discrepancy in behaviour 
factors is less relevant for this study, given 
that a consistent behaviour factor for unre-
inforced masonry of 1.5 is used. It would 
hence be justifiable to use a reliability 
redundancy factor of 1.0. However, compli-
ance with SANS 10160-4 (SANS 2017) 
is considered salient and a factor of 1.2 
is used.

Load application
The critical design loads, detailed in 
Table 3, are applied to the two wall con-
figurations, as shown in Figure 7 for the 
SLS and ULS-W, and in Figure 8 for the 
ULS-S. Loads that act out-of-plane (OP) of 
the wall, are applied as a uniform distrib-
uted load over the entire wall, including 
the wind or seismic load, as applicable. 
Under wind action, the most critical 
load case is the modelled wall acting as 
side wall in the context of a 40 m2 house 

Table 5 Wind load parameters to SANS 10160-3 (SANS 2018b)

Parameter Symbol Value Clause

Fundamental value of basic wind speed νb 44 m/s 7.2.2

Terrain category - C Table 2

Terrain roughness factor cr(z) 0.73 7.3.2, Table 3

Topography factor c0(z) 1 7.3.3

Air density ρ 1.2 kg/m3 Table 4

Peak wind pressure qp(z) 1213 N/m2 7.4, Equation 6

Table 6 Seismic load parameters to SANS 10160-4 (SANS 2017)

Parameter Symbol Value Clause

Peak ground acceleration ag 0.15 g 5.2, Figure 1

Ground type – 4 5.1.2, Figure 2, Table 2

Building importance factor γ1 1.0 7.3, Table 3

Reliability redundancy factor ρ 1.2 7.3, Equation 6

Behaviour factor q 1.5 8.2, Table 4

Fundamental period of vibration factor CT 0.05 8.5.2.1

Figure 7 Load applications for wall W1 (left) and W2 (right) for SLS and ULS-W (N/mm2)

IP IPRoof wind

OP Zone B

O
P 

Zo
ne

 A

OP Zone B

O
P 

Zo
ne

 A



Volume 63 Number 1 March 2021 Journal of the South african institution of civil engineering52

structure. The OP wind loads are there-
fore differentiated into Zones A and B, 
according to SANS 10160-3 (SANS 2018b). 
The total OP force (N) is applied uniform-
ly over the masonry portions of the model 
walls to account for the lack of surface 
area over the wall openings.

The horizontal in-plane (IP) load is dis-
tributed over the full height and thickness 
of the wall. The load arises from the lateral 
loads on the walls adjacent to the wall 
modelled, and includes either the wind or 
seismic load, as applicable. The IP load var-
ies linearly for the wind load case, with the 
maximum (presented in Table 3) applied 
at the top of the wall. Using the principle 
that lateral loads are applied at the location 
of the mass, the IP load for the seismic 
load case is distributed uniformly over the 
height of the wall.

The vertical loads transferred from the 
roof to the wall are applied at each truss 
support point and distributed over the width 
of masonry block to prevent stress concen-
trations at these points. The roof self-weight 
and the wind load, if applicable, are included 
in this load. Vertical uplift is indicated by a 
positive value, whereas a compressive force 
is indicated by a negative value. Since W2 is 

a gable wall configuration, which does not 
support trusses, the roof load is only applied 
to the W1 configuration.

In the past, numerical and experimental 
studies on unreinforced masonry walls have 
been focussed on the effect of either OP or 
IP loading. In more recent research, the sig-
nificance of the interaction of these two load 
conditions has gained prominence, but still 
focused on masonry infill walls. Few numer-
ical investigations have taken into account 
the combined effect of IP and OP actions 
on load-bearing unreinforced masonry, and 
even fewer experimental studies (Milani 
2008; Agnihotri et al 2013; Najafgholipour 
et al 2013; Dolatshahi et al 2015). Typically 
the findings are that the IP load may have a 
crucial effect on the OP capacity of the wall. 
The wall slenderness and aspect ratios large-
ly determine the interaction level. Therefore, 
this study applies the simultaneous action of 
OP and IP loading.

RESULTS

Results overview
Figure 9 provides an interpretation 
key for results discussed later. The OP 

deflections provided in Figures 12 and 17 
are measured at the top midspan position, 
as indicated in Figure 9. The IP displace-
ments provided in Figures 13 and 18 are 
measured at the top left corner of each 
respective wall. Typical crack positions 
found in the numerical analyses are also 
identified in Figure 9, for the later discus-
sion on crack damage classification and 
crack width in Figure 14.

Typical failure modes are presented in 
Figure 10 for the SLS and ULS-W and in 
Figure 11 for the ULS-S. Compressive fail-
ure or crushing is not identified in either of 
the wall configurations for both OP and IP 
failures. This is not remarkable given the 
small structure size and low vertical loads. 
The contours in Figure 10 indicate the OP 
deflections and OP failure dominates for 
both the SLS and ULS-W, since most of the 
total load applied is in the lateral direction. 
The ‘Base 1’ crack, located in the lowest 
bed joint of the wall, indicates tensile fail-
ure, together with shear failure in columns 
adjacent to the door openings (‘Door’) for 
wall configurations W1 and W2 for both 
load cases. Subsequent tensile cracks also 
form in the pier adjacent to the window 
opening (‘Pier 1’ and ‘Pier 2’).

IP IP

OP OP

Figure 8 Load applications for wall W1 (left) and W2 (right) for ULS-S (N/mm2)
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Figure 9 Crack position and deflection/displacement measurement legend (W1 left, W2 right)
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The contours in Figure 11 indicate the 
IP displacements. IP failure dominates for 
the ULS-S load case, due to shear action 
in the walls bearing most of the seismic 
load. Tensile/flexural cracks dominate, 
starting with ‘Base 2’ next to the door 
and ‘Pier 1’ to ‘Pier 3’ surrounding the 
window opening. Crack onset at ‘Base 2’ 
is tensile, and progresses to sliding shear, 
whereas ‘Pier 4’ is a combination of shear 
and tensile stepped cracks. The W2 wall 
configuration is made particularly vulner-
able by the slender column to the left of 
the door opening.

As an overview, the design loads and 
numerical wall resistance determined 
through the numerical analyses are pre-
sented in Table 7 for the three load cases, 
namely SLS, ULS-W (for three basic funda-
mental wind speeds of 44, 40 and 36 m/s) 
and ULS-S. For each instance of the critical 
load direction, the ratio of the design 
load to the numerical wall resistance is 
included. Failure is therefore indicated by a 
ratio of greater than 1.0.

Out-of-plane response
The OP load/deflection responses for W1 
and W2 are depicted in Figure 12 for the 

three load cases. The South African load-
ing code (SANS 10160 2011) OP design 
loads for each of the three load cases are 
also included to contextualise the results. 
In Table 3 the design loads were provided 
in the form of pressures (N/mm2) but are 
converted to forces (N) to facilitate the 
comparison of the design loads and the 
resistance capacities of the walls.

Of the six analyses presented in 
Figure 12, in half of them the OP design 
load significantly exceeds the OP 

load-carrying capacity of the walls, namely 
in W1 ULS-W, W2 ULS-W (both for all 
three basic fundamental wind speeds) and 
W2 ULS-S. It is important to note that, 
in line with recent findings in literature 
(Vaculik 2012; Derakhshan et al 2018), the 
OP response for the ULS-S is inadequate 
and that OP behaviour of unreinforced 
masonry cannot be disregarded under 
seismic action. SANS 10400-B (SANS 2012) 
imposes a 1:175 deflection limit on such 
building walls, which is well above the 

Figure 10 Typical failure for SLS and ULS-W for walls W1 (left) and W2 (right)

Figure 11 Typical failure for ULS-S for walls W1 (left) and W2 (right)

Table 7 Summary of OP SLS and ULS-W loads and IP ULS-S loads

SLS/ULS
OP/
IP

SANS 10160 
design load

Numerical resistance
Design load /  

numerical resistance

[N] [N[ [N] [N] [-] [-]

W1 W2 W1 W2 W1 W2

SLS-44 OP 12 482 11 530 16 086 21 430 0.8 0.5

SLS-40 OP 10 315 9 529 16 086 21 430 0.6 0.4

SLS-36 OP 8 356 7 718 16 086 21 430 0.5 0.4

ULS-W-44 OP 33 285 30 746 15 597 16 543 2.1 1.9

ULS-W-40 OP 27 508 25 410 15 597 16 543 1.8 1.5

ULS-W-36 OP 22 281 20 582 15 597 16 543 1.4 1.2

ULS-S IP 19 613 20 539 25 964 11 295 0.8 1.8
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OP deflection range encountered in these 
analyses of between 2.5 mm and 7 mm.

The gable of the W2 configuration was 
not buttressed, contrary to the specifica-
tions of SANS 10160-4 (SANS 2017). It was 
presumed that this lack of lateral support 
to the gable would cause instabilities in the 
analyses, but this element was noncriti-
cal in the OP loading conditions under 
consideration. This is most probably due 
to the presence of more vulnerable, slender 
elements in the wall in other locations. A 
wall with better-proportioned openings 
may well cause the gable to become critical, 
requiring buttressing.

In-plane response
The IP load/displacement responses for W1 
and W2 are depicted in Figure 13 for the 
three load cases. The South African load-
ing code (SANS 10160 2011) IP design loads 
for each of the three load cases are also 
included to contextualise the results.

Reflective of the OP response, in three 
of the six analyses presented in Figure 13, 
the IP design load significantly exceeds 
the IP load-carrying capacity of the walls, 
namely in W1 ULS-W, W2 ULS-W (both 
for all three basic fundamental wind 
speeds) and W2 ULS-S. Notably, the 
seismic IP capacity of W1 is 2.3 times 
greater than W2. This is explained in part 

by the particularly weak geometry derived 
for W2.

The IP displacement of both of the 
wall configurations is not significant (less 
than 1 mm). Arguably, the IP displace-
ment would be greater if the load/dis-
placement path is continued numerically, 
but the laborious work of overcoming 
the post-peak divergence prevents this 
pursuit. There are no limitations specified 
for IP displacement in SANS 10400 as 
they are for IP deflections. However, the 
pronounced reduction in load-carrying 
capacity, together with the negligible IP 
displacement, is typical of the extremely 
brittle behaviour of masonry.

Crack damage classification
The crack damage is classified and pre-
sented in Figure 14 for W1 and W2. Only 
the dominant crack for each load case 
combination is included for clarity. The 
frame of reference for the crack widths 
is taken from the damage categories and 
maximum crack widths in SANS 10400-B 
(SANS 2012) and the South African Home 
Building Manual (NHBRC 2015). The 
damage categories vary from less than 
0.25 mm, classified as negligible, to greater 
than 25 mm, classified as very severe. 
These classifications were developed by 
Watermeyer and Tromp (1992) to serve 

as serviceability performance criteria for 
masonry walls and were subsequently 
included in SANS 10400.

Several typical crack positions were 
identified in Figures 9, 10 and 11 for the 
SLS and ULS-W and ULS-S load cases 
respectively. The most dominant crack 
is identified for each of the analyses per-
formed and plotted against the OP loads for 
W1 and W2 in Figure 14. Cracks occurred 
in a number of typical positions for the 
IP and OP-dominant loading conditions, 
as illustrated in Figure 10, as well as in 
Figure 11 for the ULS-W and in Figure 12 
for the ULS-S. For each analysis performed, 
the most dominant crack is identified and 
plotted against the OP load in Figure 14 
(left) for W1 and (right) for W2. For both 
W1 and W2, the ‘Base’ cracks as well as 
cracks around the window openings in the 
‘Piers’ are prolific. Most cracks measured 
in the numerical analyses of the concrete 
masonry walls fall below the ‘negligible’ 
(less than 0.25 mm) classification. With 
further development of the walls’ post-peak 
responses, the cracks would undoubtedly 
widen. However, in the numerical analyses 
performed, these initial cracks suffice to 
demonstrate crack development and to 
produce a significant reduction in the load-
carrying capacity, which is typical of the 
brittle nature of masonry.
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Summary
The progression of most of the analyses 
was limited by divergence. Several steps 
were taken to move the analyses past these 

points of diversion, such as adjusting the 
step size, increasing the tolerance of the 
convergence criteria, employing other 
iterative procedures, etc, and the arc length 

method was used throughout. However, 
convergence was rarely achieved. It is clear, 
though, from the load-displacement or 
load-deflection trace, that the linear-elastic 
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region has been surpassed and that post-
peak global stiffening is improbable.

Given the conventional strength and 
stiffness range of the concrete masonry 
studied, as well as the typically conservative 
nature of deemed-to-satisfy solutions, it was 
anticipated prior to the study that the resis-
tance of these conventional masonry walls 
would exceed the design loads in both ULS 
load cases. Contrary to this expectation, 
both wall configurations failed to resist the 
ULS-W design loads for basic fundamental 
wind speeds of 44, 40 and 36 m/s, as did W2 
for the ULS-S design loads, and by a large 
margin. Plausible origins of these failure 
are the applied design load, the material 
input parameters, the derived geometry of 
the wall configurations and the assumed 
boundary conditions. These aspects are 
discussed in the following section.

DISCUSSION

Design load
Most of the assumptions or selections 
detailed for determining the wind load 
were made to achieve the most critical 
wind loading, not the most likely. However, 
even design wind loads based on 40 and 
36 m/s basic fundamental wind speeds, 
which account for the majority of areas in 
South Africa, exceed the walls’ capacities in 
most instances.

It is also noteworthy that the wind pres-
sure determined in this study (1 213 N/m2, 
Table 5) is over three times the minimum 
wind pressure specified in SANS 10400-B 
(SANS 2012) (370 N/m2). The substantially 
higher design load for the ULS-W case is in 
part due to the recent revision of the wind 
loading code, SANS 10160-3 (SANS 2018b).

The wind load partial factor has 
increased from 1.3 to 1.6 and the highest 
fundamental basic wind speed from 36 m/s 
to 44 m/s. These two changes combined 
result in a 1.5 times higher load than 
would have been the case before these revi-
sions. However, the ratios of design load 
to resistance are 2.1 and 1.9 for original 
configurations of W1 and W2, respectively. 
These revisions alone do not account for the 
discrepancy, and they were implemented for 
good reason. The reliability performance 
of the original wind load partial factor of 
1.3 was found to be inadequate (Botha et 
al 2018) and the South African wind map 
has improved due to, in part, a seven-fold 
increase in the historical extreme wind data 
available in South Africa (Kruger et al 2017).

Material
To investigate the potential increase in OP 
load-carrying capacity due to improved 
material properties, reasonable maximum 
values for the three most influential OP 
parameters (joint tensile strength, joint 
cohesion and joint mode I fracture energy) 
were sought in literature. Thereafter, 
ULS-W load analyses were performed on 
W1 and W2 with these three adjusted 
joint parameters. Experimental data on 
the joint tensile properties is scarce, but 
reasonable maximum values for mode I 
fracture energy and cohesion were found 
in literature for normal density concrete 
blocks with general purpose mortar joints, 
conducted by Van Der Pluijm (1999), 
and are detailed in Table 8. All other 

parameters, as provided in Table 2, are 
kept constant.

The outcome of these analyses (Table 9 
and Figure 17) shows an increase in the 
load-carrying capacity of 53% for W1 and 
11% for W2, due to the improved material 
properties. This reduces the discrepancy 
to the most critical design load by 47% 
and 13% for W1 and W2, respectively. 
Increasing the critical joint parameters 
to reasonable maximum values does not 
increase W2’s resistance sufficiently to 
withstand any of the wind design loads. 
In the case of W1, the wall’s resistance is 
increased such that the ULS-W load case 
based on the 36 m/s basic fundamental 
wind speed can be resisted, but the 40 and 
44 m/s not.

Table 8 CON adjusted joint parameters

Joint interface parameters Symbol Baseline Adjusted Unit

Tensile strength ft,j TENSTR 0.12 0.84 N/mm2

Mode I fracture energy GI
f,j GF 0.005 0.011 N/mm

Cohesion cj COHESI 0.17 1.17 N/mm2
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It is important to recall that in all the 
analyses of W1 and W2, mean material 
parameter values are used, and the material 
resistance has not been reduced by means of 
material partial safety factors. Applying this 
necessary reduction for ULS-based design 
would further widen the discrepancy.

Geometry
The limitations on wall panel sizes and 
openings set out in the SANS 10400-K 
deemed-to-satisfy solutions are taken from 
the JSD Code of Practice: Foundations and 
Superstructures for Single Storey Residential 
Buildings of Masonry Construction (JSD 
1995). Different wall panel configurations 
were analysed using the yield line approach 
to derive the panel sizes, and the then 
current South African masonry structural 
design code SABS 0164-1 (SABS 1980) was 
applied to the respective elements to derive 
the opening limitations (Watermeyer 1996).

The total area of openings for both 
W1 and W2 falls within the specifications 
of seismic design principles set out in the 
loading code, SANS 10160-4 (SANS 2017) 
Clause 6.2.2, of being less than one third 
of the overall wall area. The openings 
are positioned “as uniformly as possible”, 
but given the large opening length of 3 m 
permitted in the deemed-to-satisfy solu-
tions of SANS 10400-K (SANS 2011b), it 
does result in large openings at both wall 
ends, which is undesirable according to 

the seismic design principles of the loading 
code.

To investigate the potential improve-
ment in OP resistance of both walls under 
ULS-W loading and IP resistance for W2 
under ULS-S loading due to more robust 
geometry, the original window opening 
length is halved to 1 500 mm, and the door 
and window openings are positioned in less 
extreme positions in the wall, as illustrated 
in Figure 15 for W1 and W2. All other origi-
nal dimensions of the walls are maintained.

The outcome of the OP ULS-W 
analyses (Table 9 and Figure 17) shows 
an increase in the load-carrying capacity 
of 20% for W1 and 15% for W2, due to 
the reduced window opening and the less 
extreme positions of the openings. This 
reduces the discrepancy to the most critical 
design load by 17% for both W1 and W2. 
The outcome of the IP ULS-S analyses 
on W2 (Table 9 and Figure 18) shows an 
increase in the load-carrying capacity of 
160% for W2, due to the reduced window 
opening and the less extreme positions 
of the openings. The IP resistance of W2 
now exceeds the seismic design load by 
40%. Reducing the window opening by half 
does not increase the walls’ OP resistances 
sufficiently to withstand any of the wind 
design loads. However, this mitigation 
strategy significantly increases W2’s IP 
load-carrying capacity to successfully resist 
the full seismic design load.

Boundary conditions
The conservative assumption was made 
that the timber truss system provides 
negligible lateral support to the top of the 
walls. The effect of this assumption could 
be meaningful, but its validity is sustained 
given the similarly weak OP resistance 
of the opposite wall, which is meant to 
provide the additional lateral resistance, as 
well as the typically poor quality of con-
nection between truss and wall in LIH.

A potential source of error could be 
excessive rotation of the short return walls, 
which provide lateral restraint to the walls. 
The pinned modelling of the walls could 
underestimate the rotational restraint 
that a full-length return wall would offer, 
thereby allowing greater OP deflection. 
To investigate the effect of this, the trans-
lational restraint on the return walls is 
applied to all nodes in the boundary plane, 
as opposed to just the central row of nodes, 
as shown in Figure 16.

The outcome of the OP ULS-W 
analyses (Table 9 and Figure 17) shows 
an increase in the load-carrying capacity 
of 15% for W1 and 10% for W2, due to 
the adjusted boundary conditions and 
increased rotational restraint. This reduces 
the discrepancy to the most critical design 
load by 14% for W1 and 12% for W2. 
Increasing the rotational restraint provided 
by the return walls does not increase the 
walls’ resistances sufficiently to withstand 
any of the wind design loads.

CONCLUSIONS
The FE analyses were executed success-
fully for the two wall configurations under 
three load cases. The failure modes can 
be broadly classified as tensile for the 
OP-dominant cases and a combination of 
tensile/shear failure for the IP-dominant 
cases. The analyses revealed the wall 

Figure 16 Baseline (left) and adjusted (right) boundary conditions for return walls

Table 9  Peak OP resistance to ULS-W and IP to ULS-S for adjusted material parameters, geometry 
and boundary conditions

Peak resistance [N] OP W1 OP W2 IP W2

Baseline 15 597 16 543 11 295

Adjusted material parameters 23 835 18 373 –

Adjusted geometry 18 687 18 946 29 534

Adjusted boundary conditions 18 011 18 197 –
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configurations’ failure to resist the design 
loads in most instances, and significantly 
so in the OP response to the ULS-W load 
case. This is in part, but not exclusively, 
due to recent increases to two important 
parameters in the wind loading code.

Three mitigation strategies were 
employed, namely improving the tensile 
performance by increasing three critical 
joint material parameters, improving the 
distribution of openings, and increas-
ing the rotational restraint of the return 
walls. None of these strategies improved 
the resistance of the walls to the point of 
successfully resisting the full design wind 
load. However, reducing the length and 
improving the distribution of openings 
significantly increased the IP resistance of 
W2 to seismic loading.

Additionally, it is important to recall 
that these analyses were performed without 
the use of material partial safety factors. 
Current standardised partial factors for 
conventional masonry materials range 
between 1.5 and 3.5. Reducing the material 
strength by these factors, as is required by 
limit states design, would further signifi-
cantly increase the discrepancy between 
the walls’ resistances and the design loads. 
This raises the issue of possible incon-
sistencies between the deemed-to-satisfy 
provisions in SANS 10400-K for wall 
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panel and opening sizes and the current 
EC-based loading code, both for wind, i.e. 
SANS 10160-3 (SANS 2018b) and seismic, 
i.e. SANS 10160-4 (SANS 2017) loads.

Based on a case study of extreme wind 
loads on an inland housing development in 
South Africa, Mahachi et al (2018) came to 
the conclusion that a review of the techni-
cal standards in housing development is 
necessary, specifically the NHBRC Home 
Building Manual. Griffith (2000) reports 
on a similar case of discrepancies between 
the capacity of the ‘deemed-to-comply’ wall 
provisions of the South Australian Housing 
Code and the Australian masonry stan-
dard’s design load. It has long been found 
that, within the field of masonry buildings, 
low-rise, unreinforced ones with light 
roofs (such as LIH), experience the most 
wind damage (Sparks et al 1989), especially 
non-engineered ones, relying on empirical 
design procedures. This, coupled with the 
significant changes in the required wind 
and seismic design loads with the revision 
of the South African loading code, war-
rants a review of the SANS 10400 deemed-
to-satisfy wall provisions.

It is recommended that this is done with 
the preferential housing solution in mind, by 
first specifying desired wall configurations, 
based on constructability, typical South 
African building practice and skill level, fen-
estration requirements for building energy 
usage, natural lighting and ventilation, 
and fire safety. Numerous such specifica-
tions are well documented in the relevant 
parts of SANS 10400 and can be used as a 
basis to determine the desired geometry. 
Subsequently, the derived wall configura-
tions can be structurally analysed using the 
simplified micro-modelling approach.
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